Mapping cortical hemispheric asymmetries in infants would increase our understanding of the origins and developmental trajectories of hemispheric asymmetries. We analyze longitudinal cortical hemispheric asymmetries in 73 healthy subjects at birth, 1, and 2 years of age using surface-based morphometry of magnetic resonance images with a specific focus on the vertex position, sulcal depth, mean curvature, and local surface area. Prominent cortical asymmetries are found around the peri-Sylvian region and superior temporal sulcus (STS) at birth that evolve modestly from birth to 2 years of age. Sexual dimorphisms of cortical asymmetries are present at birth, with males having the larger magnitudes and sizes of the clusters of asymmetries than females that persist from birth to 2 years of age. The left supramarginal gyrus (SMG) is significantly posterior to the right SMG, and the maximum position difference increases from 10.2 mm for males (6.9 mm for females) at birth to 12.0 mm for males (8.4 mm for females) by 2 years of age. The right STS and parieto-occipital sulcus are significantly larger and deeper than those in the left hemisphere, and the left planum temporale is significantly larger and deeper than that in the right hemisphere at all 3 ages. Our results indicate that early hemispheric structural asymmetries are inherent and gender related.
Introduction
The adult human brain exhibits distinct hemispheric asymmetries in both structure and function. These asymmetries are thought to originate from evolutionary, developmental, hereditary, experiential, and pathological factors (Toga and Thompson 2003) . A well-known example of hemispheric functional asymmetry can be seen in the specialization of the left hemisphere for language and logical processing as well as of the right hemisphere for spatial recognition (Toga and Thompson 2003; Sun and Walsh 2006) . In magnetic resonance imaging (MRI) studies, cortical hemispheric structural asymmetries have been found in sulcal depth (Davatzikos and Bryan 2002; Ochiai et al. 2004; Van Essen 2005) , local surface area (Lyttelton et al. 2009; Van Essen et al. 2011) , cortical thickness (Luders et al. 2006; Hamilton et al. 2007; Shaw et al. 2009 ), gray matter density (Watkins et al. 2001; Sowell, Thompson, Peterson, et al. 2002) , and vertex position (Thompson et al. 1998; Blanton et al. 2001; Sowell, Thompson, Rex, et al. 2002; Lyttelton et al. 2009 ). Specifically, studies in adults and children have shown prominent hemispheric asymmetries around the peri-Sylvian region and superior temporal sulcus (STS; Blanton et al. 2001; Toga and Thompson 2003; Van Essen 2005; Sun and Walsh 2006) . The Sylvian fissure (SF) has been found to be longer and less sloped in the left hemisphere than in the right hemisphere (Geschwind and Levitsky 1968; Geschwind and Galaburda 1985; Thompson et al. 1998) , whereas the STS has been found to be deeper and larger in the right hemisphere than in the left hemisphere (Van Essen 2005; Van Essen et al. 2011) . These structural asymmetries are thought to closely relate to the functional lateralization for language processing (Toga and Thompson 2003; Dubois et al. 2010) .
The existing studies of cortical hemispheric structural asymmetry have primarily focused on either adults or children, while studies in infants remain scarce (Glasel et al. 2011) . Postmortem studies in infants have shown hemispheric structural asymmetries in both the STS and planum temporale (PT; Witelson and Pallie 1973; Wada et al. 1975; Chi et al. 1977) . Recently, due to advances in infant brain MRI techniques and infant-specific postprocessing methods, noninvasive mapping of hemispheric structural asymmetries of the infant brain has attracted considerable attention. In utero fetal MRI studies have found curvature asymmetries in the peri-Sylvian region and STS ) as well as a right-deeper-than-left asymmetry in the STS (Kasprian et al. 2011) . Preterm newborn MRI studies have shown right-larger-than-left and right-deeper-than-left asymmetries in the STS (Dubois et al. 2008 (Dubois et al. , 2010 . Preterm infants have also exhibited larger posterior and anterior regions in the SF in the left hemisphere when compared with the right hemisphere (Dubois et al. 2010) . Term-born infant MRI studies have identified a right-deeper-than-left asymmetry along the posterior extent of the STS and a left-deeper-than-right asymmetry centered on the PT located within the posterior SF (Hill et al. 2010) . Infant MRI studies also have shown both the larger right STS and larger left PT, as well as a forward and upward shift of the posterior end of the right SF (Glasel et al. 2011) . Lastly, MRI analysis of a cohort of 74 healthy neonatal subjects has demonstrated that the neonatal left hemisphere was larger than the right hemisphere (Gilmore et al. 2007 ). It has been suggested that these hemispheric structural asymmetries, which are clearly present in the fetal and neonatal brains, could be linked to asymmetric gene expression in the embryonic hemispheres as early as 12 gestational weeks (Sun et al. 2005) .
Previous studies of hemispheric structural asymmetries in infant brains have been limited by small sample sizes, which limit the possibility of investigating sexual dimorphisms, as well as a lack of longitudinal datasets focusing on the early postnatal years. Studying the development of cortical hemispheric structural asymmetries in the early postnatal stages would increase our understanding of the origins and developmental trajectories of hemispheric asymmetries (Hill et al. 2010; Lin et al. 2012 ) and also provides important insights into neurodevelopmental disorders that exhibit abnormal hemispheric asymmetries (Gilmore et al. 2007 ), such as autism (Chandana et al. 2005; Herbert et al. 2005; Lange et al. 2010) , attention-deficit/hyperactivity disorder (Shaw et al. 2009 ), and schizophrenia (Sommer et al. 2001; Goldstein et al. 2002; Hamilton et al. 2007; Narr et al. 2007 ). To date, the longitudinal development and sexual dimorphisms of cortical hemispheric structural asymmetries in early postnatal stages still remain largely unknown. Of particular importance are the first 2 years of life, as it is considered to be the most dynamic phase of the postnatal brain development (Gilmore et al. 2007 ) because of the rapid changes in cortex volume, cortical surface area, and tertiary cortical folding occurring during this time . In this study, we provide the first systematic analysis of normal cortical hemispheric structural asymmetries at birth, 1, and 2 years of age using vertex position, sulcal depth, mean curvature, and local surface area, via surface-based morphometry of longitudinal MRI data from a cohort of 73 healthy subjects. Moreover, for the first time, we also investigate gender effects on the cortical hemispheric structural asymmetries at birth, 1, and 2 years of age.
Materials and Methods

Subjects
The Institutional Review Board of the University of North Carolina (UNC) School of Medicine approved this study. Pregnant mothers were recruited during the second trimester of pregnancy from the UNC hospitals. Informed consent was obtained from both parents. Exclusion criteria included abnormalities on fetal ultrasound and major medical or psychotic illness in the mother. Infants in the study cohort were free of congenital anomalies, metabolic disease, and focal lesions. Before scanning, infants were fed, swaddled, and fitted with ear protection. All infants were scanned unsedated Shi et al. 2011) .
The complete sets of longitudinal 0-1-2 year scans were acquired for 73 normal infants. The study group includes 30 singletons (20 males/10 females) and 43 twins (22 males/21 females; 7 monozygotic twin pairs, 10 dizygotic pairs, and 8 "single" twins; Gilmore et al. 2011) . The mean gestational age at birth was 37.9 ± 1.6 weeks. Mean ages at the scan are: 25.5 ± 10.8, 392.8 ± 22.1, and 758.1 ± 38.1 days, respectively. For males, mean ages at the scan are: 27.3 ± 13.1, 390.0 ± 21.6, and 765.4 ± 37.4 days, respectively. For females, mean ages at the scan are: 23.0 ± 6.1, 396.6 ± 22.4, and 748.2 ± 37.4 days, respectively. There is no significant difference between males and females on all 3 scanning ages. This dataset has been used in a prior volumetric study on the development of cortical gray matter .
MRI Acquisition
Images were acquired on a Siemens head-only 3-T scanner with a circular polarized head coil. For T 1 -weighted images, 160 sagittal slices were obtained by using the 3-dimensional magnetization-prepared rapid gradient-echo sequence: time repetition (TR) = 1900 ms, time echo (TE) = 4.38 ms, inversion time = 1100 ms, flip angle = 7°, and resolution = 1 × 1 × 1 mm 3 . For T 2 -weighted images, 70 transverse slices were acquired with turbo spin-echo sequences: TR = 7380 ms, TE = 119 ms, flip angle = 150°, and resolution = 1.25 × 1.25 × 1.95 mm 3 Shi et al. 2011 ). The T 2 -weighted image was linearly aligned onto the respective T 1 -weighted image and further resampled to be 1 × 1 × 1 mm 3 . Data were collected longitudinally at 3 age groups: Neonates (0-year old or birth), 1-year old, and 2-year old. Data with motion artifacts were discarded, and a rescan was made when possible.
Image Processing and Surface Mapping All MRIs were processed using the following procedures: 1) Skull stripping , followed by a manual review to ensure the accurate removal of nonbrain tissues, 2) the removal of the cerebellum and brain stem using in-house developed registration toolkits (Wu et al. 2006) , 3) the correction of intensity inhomogeneity using N3 (Sled et al. 1998 ), 4) the rigid alignment of all images at each age to the age-matched infant brain MRI atlas . Tissue segmentation of infant brain MRIs was performed by a infant-specific longitudinally guided coupled level sets method , which combines local intensity information, spatial prior information, cortical thickness constraints, and longitudinal information by longitudinal image registration (Shen and Davatzikos 2004; Xue et al. 2006; Shi et al. 2010 ) into a variational framework. After tissue segmentation, noncortical structures were masked and filled, and each brain was further separated into the left and right hemispheres. Supplementary Figure S1a ,b show examples of T 2 -weighted MRIs at birth and their corresponding tissue segmentation results, respectively.
Based on tissue segmentation results, topologically correct and geometrically accurate cortical surfaces of each hemisphere for each image were reconstructed by using a deformable surface method (Li, Nie, Wu, et al. 2012) . Specifically, the white matter of each hemisphere was first topologically corrected to ensure a spherical topology, and then the corrected white matter was tessellated to form a triangulated surface mesh. Finally, the triangulated surface mesh of each hemisphere was deformed toward the reconstruction of the inner, central, and outer cortical surfaces by preserving its initial topology. The central cortical surface, which was defined as the layer lying in the geometric center of the cortex, was adopted for analyzing hemispheric asymmetries, since it provides a more balanced represen- Figure S2 shows examples of reconstructed cortical surfaces embedded in the several axial slices of the T 2 -weighted MRI of a subject at birth. The cortical surfaces of the right hemisphere were mirror-flipped to the corresponding left hemisphere along the midsagittal plane in order to perform hemispheric asymmetry analysis (Lyttelton et al. 2009 ). All inner cortical surfaces, which had vertex-to-vertex correspondences with the central cortical surfaces, were smoothed, inflated, and mapped to standard spheres by minimizing the metric distortion between the cortical surface and its spherical representation for performing cortical surface alignment (Fischl et al. 1999) .
The hemisphere-unbiased surface-based atlas of cortical structures at each age was first constructed by groupwise registration of the left and mirror-flipped right cortical surfaces of all subjects by using Spherical Demons (Yeo et al. 2010) . The generated atlases captured the variability of cortical folding and ensured that there was no bias for any particular individual and hemisphere. Then, the left and mirror-flipped right cortical surfaces of all subjects at each age were aligned to the age-matched hemisphere-unbiased surface-based atlas. Supplementary Figure S1e ,f show examples of spherical representations of the left and mirror-flipped right cortical surfaces and their corresponding aligned spherical representations, respectively. At each age, the left and mirror-flipped right central cortical surfaces of each subject were resampled based on the deformation from the hemisphere-unbiased surface-based atlas to the individual cortical surfaces to standard-mesh tessellations with 163 842 vertices. This step establishes the vertex-to-vertex correspondences across all subjects and hemispheres at the same age. The local surface area of each vertex on the central cortical surface was computed as one-third the sum of the areas of all triangles associated with that vertex (Lyttelton et al. 2009 ). Sulcal depth, which provided a continuously varying measure of both coarse and fine cortical shape attributes (Van Essen 2005) , was computed on each vertex on the central cortical surface. Specifically, cerebral hull volume, defined by a boundary running along the margins of gyri without dipping into sulci, was first generated by carving the central cortical surface as a closed volume followed by 6 iterations of dilation and 6 iterations of erosion (Van Essen 2005). The sulcal depth was defined as the distance from each vertex on the central cortical surface to the nearest point in the cerebral hull surface (Van Essen 2005; Hill et al. 2010 ). Supplementary Figure S3 shows sulcal depth maps on the central cortical surfaces of the left hemispheres of a representative subject at birth, 1, and 2 years of age. Supplementary Figure S4 shows average sulcal depth maps of the left hemispheres of all subjects at birth, 1, and 2 years of age on the age-matched inflated cortical surfaces. Mean curvature, which provided an intuitive indication of local cortical folding of gyri and sulci (Cachia et al. 2003; Dubois et al. 2008; Nie et al. 2010; Habas et al. 2012) , was also computed on each vertex on the central cortical surface. Herein, we adopt the outward oriented normal direction field for a close comparison with some existing studies (Cachia et al. 2003; Dubois et al. 2008; Habas et al. 2012 ). The mean curvatures on the gyral crests and sulcal bottoms are positive and negative values , respectively. Supplementary Figure S5 shows the mean curvature maps on the central cortical surfaces of the left hemisphere of a representative subject at birth, 1, and 2 years of age. Supplementary Figure S6 shows average mean curvature maps of the left hemispheres of all subjects at birth, 1, and 2 years of age on the agematched inflated cortical surfaces.
Testing Significance of Hemispheric Asymmetries
To test the significance of left-right hemispheric asymmetries of the sulcal depth, mean curvature, and local surface area, we utilized the surface-based threshold-free cluster enhancement (TFCE) method (Hill et al. 2010) , previously used in infants and adults for testing the significance of hemispheric asymmetries of the sulcal depth (Hill et al. 2010 ) and local surface area (Van Essen et al. 2011) . First, the left and right hemispheres of each subject at each age were paired together. Next, we calculated a paired t-statistic on each cortical attribute at each surface vertex, such as sulcal depth, mean curvature, and local surface area with no spatial smoothing. Thirdly, the sign of subjects' sulcal depth, mean curvature, and local surface area was randomly flipped 2500 times, and the corresponding paired t-maps were generated (Hill et al. 2010) . Fourthly, each t-map was smoothed at 0.5 strength with 9 iterations using an average neighbor algorithm (Hill et al. 2010) . Finally, TFCE, a method originally developed for the volumetric data (Smith and Nichols 2009) , was used to identify statistically significant clusters (Hill et al. 2010) .
To test the significance of left-right hemispheric asymmetries of the 3-dimensional (3D) vertex positions, we utilized SurfStat (Chung et al. 2010 ), a toolbox for the statistical analysis of multivariate surface data based on random field theory (Worsley et al. 2004 ) that has been used for the mapping of hemispheric asymmetries of vertex positions in adults (Lyttelton et al. 2009 ). Multivariate random field theory is built based on modeling the Hotelling's T as a smooth random field and provides a suitable approximation for the distribution of its maximum T max (Lyttelton et al. 2009 ). Random field theory generates a decision threshold t α that has been corrected for multiple comparisons, such that the probability of T max exceeding t α is less or equal to α = 0.05, and significant regions are detected as regions with T exceeding t α (Cao and Worsley 1999) .
Results
Vertex Position Asymmetries at Birth, 1, and 2 Years of Age The first, second, and third rows in Figure 1 show the vertex position asymmetries between left and mirror-flipped right hemispheres at birth, 1, and 2 years of age for both lateral and medial views for the whole population, males, and females, respectively. On the lateral surface, Figure 1a ,b shows the average cortical surfaces of left and mirror-flipped right hemispheres color-coded by the magnitude of the deformation field between their respective average cortical surfaces. Similarly, on the medial surface, Figure 1d ,e shows the average cortical surfaces of left and mirror-flipped right hemispheres color-coded by the magnitude of the deformation field between their respective average cortical surfaces. After affine alignment to the age-matched infant brain image atlas , the average cortical surface of each hemisphere for each age was generated by averaging the 3D positions of corresponding vertices of all cortical surfaces of the hemisphere. The major cortical folding patterns are strikingly similar between left and right hemispheres. Figure 1c ,f shows clusters that passed significance testing of 3D vertex position asymmetry. The arrows in Figure 1c ,f indicate the deformation field from the average cortical surface of the left hemispheres to the average cortical surface of the mirror-flipped right hemispheres.
On the lateral surface, the temporal lobe, inferior parietal cortex, and SF are consistently identified as regions with significant asymmetries at birth, 1, and 2 years of age. Males have consistently larger sizes of significant clusters than females at birth, 1, and 2 years of age. The temporal pole only exhibits significance at birth, but not at 1 and 2 years of age. Prominent asymmetries are consistently observed around the supramarginal gyrus (SMG) at birth, 1, and 2 years of age. Males also consistently have larger magnitudes of asymmetries than females at birth, 1, and 2 years of age. The left SMG is found to be located up to 10.2 mm posterior for males (6.9 mm for females) when compared with the right SMG at birth. This difference increases to up to 12.0 mm for males (8.4 mm for females) by 2 years of age. Another subtle, but significant, asymmetry consistently observed is near the ventral tip of the postcentral gyrus at birth, 1, and 2 years of age for both males and females. The left hemisphere has a more pronounced gyral bulge than the right hemisphere.
On the medial surface, the parieto-occipital sulcus, a portion of the medial orbital frontal cortex, and the posterior cingulate cortex are consistently identified as regions with significant asymmetries at birth, 1, and 2 years of age. Prominent asymmetries are consistently observed around the cuneus cortex. A greater number of regions show significance at birth, but these regions eventually shrink to smaller regions or disappear at 1 and 2 years of age. Males consistently exhibit larger sizes of significant clusters and magnitudes of asymmetries than females at birth, 1, and 2 years of age. In general, gender-related prominent hemispheric vertex position asymmetries are established at birth and continue to evolve modestly from birth to 2 years of age, with the overall patterns of shrinking significant regions and increasing the magnitudes of asymmetries.
Sulcal Depth Asymmetries at Birth, 1, and 2 Years of Age The first, second, and third rows in Figure 2 show the sulcal depth asymmetries between the left and right hemispheres at birth, 1, and 2 years of age for both the lateral and medial views for the whole population, males, and females, respectively. All results are shown on the age-matched inflated average cortical surface of left hemispheres. Figure 2a,d shows the differences between sulcal depth maps of the left and right hemispheres. On the lateral surface, the patterns of left-deeper-than-right (red color) and right-deeper-than-left (blue color) are qualitatively similar at birth, 1, and 2 years of age. The magnitude of left-right sulcal depth difference steadily increases from birth to 2 years of age, consistent with the pattern of sulcal depth increasing from birth to 2 years of age as shown in Supplementary Figure S4 . Males have consistently larger differences of left-right sulcal depth than females at birth, 1, and 2 years of age. On the medial surface, the patterns of left-deeper-than-right (red color) and rightdeeper-than-left (blue color) are also qualitatively similar at birth, 1, and 2 years of age; however, the magnitude of leftright sulcal depth difference is not very consistent from birth to 2 years of age. Figure 2b ,e shows the t-statistic maps, and Figure 2c ,f shows clusters that passed significance testing (P < 0.01) by the TFCE method.
On the lateral surface, 4 significant clusters are consistently identified at birth, 1, and 2 years of age in the whole population. These clusters include a left-deeper-than-right asymmetry at the peri-Sylvian region around the PT, a right-deeper-than-left asymmetry along the middle extent of the STS, a right-deeper-than-left asymmetry in a portion of the SMG, and a right-deeper-than-left asymmetry at the dorsolateral part of the central sulcus. Table 1 provides the mean and standard deviation of the left-right differences of average sulcal depth for the 4 clusters of asymmetries in all subjects at birth, 1, and 2 years of age. Considerable gender effects on the cortical hemispheric sulcal depth asymmetry are found at birth, 1, and 2 years of age. In males, 3 clusters of the above 4 significant clusters are consistently identified at birth, 1, and 2 years of age, except the right-deeper-than-left asymmetry in the SMG which is only shown at 2 years of age. In females, only the cluster of right-deeper-than-left asymmetry in the STS is consistently shown at birth, 1, and 2 years of age. The right STS is up to 2.1 mm deeper in males (2.8 mm for females) than the left STS at birth, a difference that increases up to 3.3 mm for males (3.8 mm for females) by 2 years of age. As shown in Table 1 , males consistently have larger mean left-right sulcal depth in STS than females at birth, 1, and 2 years of age. The location of maximum left-right sulcal depth asymmetry in the STS of males is more anterior than that of females. Males consistently have a larger cluster of left-right sulcal depth asymmetry in STS than females at birth, 1, and 2 years of age. In females, although the peri-Sylvian region around PT does not show significant asymmetry with P < 0.01, this region is consistently identified as significance with P < 0.05 at birth, 1, and 2 years of age as shown in Supplementary Figure S7 . Interestingly, in both males and females, left-deeper-than-right asymmetry appears at the anterior portion of the SF at birth, but disappears at 1 and 2 years of age. Moreover, the middle portion of the SF shows a left-deeper-than-right asymmetry at birth in males, nonsignificant asymmetry at 1 year of age in both males and females, and a right-deeper-than-left asymmetry at 2 years of age in females.
On the medial surface, 2 significant clusters are consistently identified at birth, 1, and 2 years of age in the whole population, including a left-deeper-than-right asymmetry in the parahippocampal region and a right-deeper-than-left asymmetry in the parieto-occipital sulcus. At birth, the cluster of right-deeper-than-left asymmetry in the parieto-occipital sulcus is relatively small; however, this cluster increases to relatively larger cluster at 1 and 2 years of age. The cluster of left-deeper-than-right asymmetry in the parahippocampal region is large at birth, yet gradually shrinks to a small cluster from birth to 2 years of age. Similarly, a left-deeper-than-right asymmetry in the posterior cingulate sulcus is shown at birth, but also shrinks to a smaller cluster at 1 year of age, and eventually disappears at 2 years of age, despite the t-statistic maps being similar to each other at all 3 time points. In males, the cluster of right-deeper-than-left asymmetry in the parietooccipital sulcus is consistently shown at birth, 1, and 2 years of age, whereas the cluster of left-deeper-than-right asymmetry in the parahippocampal region is only shown at birth. In males, the right parieto-occipital sulcus is up to 1.9 mm deeper than the left parieto-occipital sulcus at birth, a difference that increases to up to 2.4 mm by 2 years of age. In females, no asymmetry has been found in parieto-occipital sulcus at birth, 1, and 2 years of age, and the cluster of left-deeper-than-right asymmetry in the parahippocampal region is only shown at birth. In general, gender-related hemispheric sulcal depth asymmetries are present at birth and continue to evolve modestly from birth to 2 years of age.
Mean Curvature Asymmetries at Birth, 1, and 2 Years of Age The first, second, and third rows in Figure 3 show the mean curvature asymmetries between the left and right hemispheres at birth, 1, and 2 years of age for both lateral and medial views for the whole population, males, and females, respectively. All results are shown on the age-matched inflated average cortical surface of left hemispheres. Figure 3a ,c shows the differences between mean curvatures of the left and right hemispheres. Figure 3b ,e shows the t-statistic maps, and Figure 3c ,f shows clusters that pass significance testing (P < 0.01) by the TFCE method.
On the lateral surface, a right-larger-than-left mean curvature asymmetry in the posterior temporal operculum is shown at birth, but shrinks to a smaller cluster at 1 year of age, and eventually disappears by 2 years of age. The left-right mean curvature asymmetry difference in this region at birth and 1 year of age can reach up to 0.15. A left-larger-than-right mean curvature asymmetry in the Heschl's gyrus is present at 1 year of age, but not at birth or 2 years of age. In males, only the cluster of right-larger-than-left mean curvature asymmetry in the posterior temporal operculum is shown at birth. In females, the small cluster of left-larger-than-right mean curvature asymmetry in the Heschl's gyrus is present at 1 year of age, and a small cluster of right-larger-than-left mean curvature asymmetries are present in the middle portion of the SF at 2 years of age.
On the medial surface, a cluster of right-larger-than-left mean curvature asymmetry, with a left-right difference up to 0.15, is shown at birth in the whole population, but not at 1 or 2 years of age. In males, only a right-larger-than-left mean curvature asymmetry is shown in the medial orbital frontal cortex at birth. In females, a cluster of right-larger-than-left mean curvature asymmetry and several small clusters of left-larger-than-right mean curvature asymmetries around the parahippocampal region are shown at birth. No cluster of asymmetry has been found at 1 and 2 years of age for both males and females. Overall, hemispheric mean curvature asymmetries are gender-related and evolve from birth to 2 years of age.
Local Surface Area Asymmetries at Birth, 1, and 2 Years of Age The first, second, and third rows in Figure 4 show the local surface area asymmetries between the left and right hemispheres at birth, 1, and 2 years of age for both lateral and medial views for the whole population, males, and females, respectively. All results are shown on the age-matched inflated average cortical surface of left hemispheres. Figure 4a,d shows the ratio of mean vertex area between the left and right hemispheres. On the lateral and medial surfaces, the patterns of left-larger-than-right (red color) and right-larger-than-left (blue color) are qualitatively similar at birth, 1, and 2 years of age. Leftward asymmetries are most prominent in the SF, and rightward asymmetries are most prominent in the inferior parietal cortex and the posterior portion of the STS. Figure 4b ,e shows the t-statistic maps, and Figure 4c ,f shows clusters that passed significance testing (P < 0.01) by the TFCE method.
On the lateral surface, several significant clusters of asymmetries are consistently identified at birth, 1, and 2 years of age in the whole population, including leftward asymmetries in the anterior and posterior portions of the SF, postcentral sulcus, and temporal pole, as well as rightward asymmetries in the STS and inferior parietal cortex. A large portion of the middle frontal, precentral, and postcentral gyri show leftward asymmetries at birth, yet these asymmetric clusters disappear at 1 and 2 years of age. Table 2 shows the left-right area differences of significant clusters at birth, 1, and 2 years of age. In males, leftward asymmetries show similar patterns to those of the whole population. Rightward asymmetries in males are mainly located in the inferior parietal cortex at birth, 1, and 2 years of age. In females, leftward asymmetries are mainly located in the anterior and posterior portions of the SF, whereas rightward asymmetries are primarily located in the STS at birth, 1, and 2 years of age. In addition, females also show leftward asymmetries in the posterior portion of the postcentral gyrus and rightward asymmetries in a portion of the inferior parietal cortex at 2 years of age.
On the medial surface, leftward asymmetries are found in the paracentral lobule, posterior cingulate, fusiform cortices, and a portion of both the medial superior frontal and the medial orbital frontal cortices at birth. However, leftward asymmetries are found only in small regions of the paracentral lobule and posterior cingulate cortex at 1 and 2 years of age, although the t-statistic maps seem similar to each other at all 3 time points. A small cluster of rightward asymmetry in the parieto-occipital sulcus is found at birth, and this cluster expands to contain a large portion of the parieto-occipital sulcus and cuneus cortex at 1 and 2 years of age. In males, leftward asymmetries are found in the paracentral lobule, posterior cingulated cortex, and calcarine sulcus at birth. Rightward asymmetries are found in males in the parieto-occipital sulcus and cuneus cortex at 1 and 2 years of age. In females, a small cluster of rightward asymmetry is found in the isthmus cortex at 1 year of age, and a small cluster of leftward asymmetry is found in the paracentral lobule at 2 years of age. Overall, gender-related hemispheric local surface area asymmetries emerge at birth and exhibit differential patterns of development from birth to 2 years of age.
Discussion
Cortical hemispheric structural asymmetries are present at birth, suggesting that cortical asymmetries arise in the fetus and continue evolve from birth to 2 years of age. Prominent cortical structural asymmetries are found around the periSylvian regions that are related to speech perception and production in the adult brain (Dehaene-Lambertz et al. 2006) . Considerable gender effects on cortical structural asymmetries exist at birth, which indicate that sexual dimorphisms arise before birth and persist from birth to 2 years of age, with males consistently having larger sizes of significant clusters and magnitudes of asymmetries than females at birth, 1, and 2 years of age.
On the lateral surface, prominent vertex position asymmetries were consistently observed around the SMG, with the left SMG being significantly posterior to the right SMG, consistent with the previous studies in infants (Glasel et al. 2011) , and the magnitude of the asymmetries increasing from birth to 2 years of age. Previous studies have shown significant position asymmetry around the peri-Sylvian region and SMG in adults and children (Thompson et al. 1998; Blanton et al. 2001; Narr, Thompson, Sharma, Moussai, Zoumalan, et al. 2001; Sowell, Thompson, Rex, et al. 2002; Toga and Table 2 The left-right area differences of significant clusters at birth, 1, and 2 years of age Left-right area differences of significant clusters 0 year (mm asymmetries around the SMG than females at birth, 1, and 2 years of age. Although males have larger brain volumes than females, this factor should not have affected our reported vertex position asymmetries as the magnitudes of vertex position asymmetries were computed on the cortical surfaces affine-normalized with the atlas ) in order to remove the size effect. This result is generally consistent with the report that the slope of the STS in the right hemisphere is significantly steeper in males than in females in adults (Narr, Thompson, Sharma, Moussai, Blanton, et al. 2001) . On the medial surface, prominent asymmetries were consistently observed around the cuneus cortex at birth, 1, and 2 years of age, largely reflecting the occipital petalia, where the left occipital pole was displaced toward the right occipital pole (Toga and Thompson 2003) , consistent with the findings in adults (Lyttelton et al. 2009; Van Essen et al. 2011) . A greater number of regions show significance at birth, but these regions shrink at 1 and 2 years of age, suggesting the modest evolution of cortical hemispheric asymmetries of vertex positions from birth to 2 years of age. Males consistently have larger magnitudes and sizes of the significant clusters of vertex position asymmetries than females at birth, 1, and 2 years of age, suggesting that sexual dimorphisms arise before birth and persist from birth to 2 years of age. Of note, previous reports have indicated a greater degree of functional asymmetry in males than in females in adults (McGlone 1978; Shaywitz et al. 1995; Draca 2010) .
On the lateral surface, we found a left-deeper-than-right asymmetry around the PT of the posterior SF consistently at birth, 1, and 2 years of age, in agreement with the existing studies on sulcal depth asymmetries in term-born infants (Hill et al. 2010 ) and adults (Van Essen 2005) . We also found a right-deeper-than-left asymmetry along the middle extent of STS consistently at birth, 1, and 2 years of age, similar to the findings in the existing studies on sulcal depth asymmetries in fetuses (Kasprian et al. 2011) , premature newborns (Dubois et al. 2008) , term infants (Hill et al. 2010; Glasel et al. 2011), and adults (Van Essen 2005) . To better illustrate the right-deeper-than-left asymmetry in the STS, Supplementary Figure S8 shows a cutting view of overlap of the left average cortical surface and the mirror-flipped right average cortical surface around the STS at birth, where one can clearly see that the right STS is deeper and larger than the left STS. This asymmetry may be explained by the fact that the STS appears 1 or 2 weeks earlier on the right hemisphere than on the left hemisphere in fetuses (Chi and Dooling 1976; Kasprian et al. 2011; Habas et al. 2012) . Therefore, the left-deeper-than-right asymmetry around the PT and the right-deeper-than-left asymmetry in the STS seem to be intrinsic hemispheric sulcal depth asymmetries across the lifespan. However, this finding needs to be confirmed with the studies of developmental trajectories of asymmetries of the sulcal depth in childhood and adolescence. Moreover, males consistently have more prominent asymmetries of sulcal depth around the PT and STS than females at birth, 1, and 2 years of age, suggesting that the gender effects on sulcal depth asymmetries arise before birth and persist from birth to 2 years of age. Furthermore, we found that the right posterior temporal operculum was more convex than the left posterior temporal operculum at birth and 1 year of age, consistent with the recent findings in the fetus after 23 gestational weeks ). On the medial surface, we identified a right-deeper-than-left asymmetry at the parieto-occipital sulcus consistently at birth, 1, and 2 years of age in males, but not in females. Previous studies have shown the same significant right-deeper-than-left asymmetry in the adults (Hill et al. 2010) . At birth, the cluster of left-deeper-than-right asymmetry around the parahippocampal cortex was large, but then subsequently shrunk to a small region at 1 and 2 years of age. Moreover, a cluster of right-larger-than-left and 2 small clusters of left-larger-thanright asymmetries of mean curvatures near the parahippocampal cortex were shown at birth in females, but not at 1 or 2 years of age in neither males nor females. This result might relate to the findings of greater convexity of the right parahippocampal cortex than the left parahippocampal cortex in fetal brains . These patterns might reflect the gender-related evolution of cortical asymmetries of sulcal depth and mean curvature from birth to 2 years of age.
Leftward local surface area asymmetries were consistently found at the anterior and posterior portions of the SF, postcentral sulcus, and temporal pole, whereas rightward asymmetries were consistently found at the STS, inferior parietal cortex, cuneus cortex, and parieto-occipital sulcus at birth, 1, and 2 years of age, consistent with the reports of a larger left PT and a larger right STS in infants (Glasel et al. 2011) . In adults, similar local surface area asymmetry patterns have been reported in the parietal, temporal, and occipital lobes (Van Essen et al. 2011) . In our study, we found one instance of leftward asymmetry in the middle frontal gyrus at birth in males, but not in females. Our results were also generally consistent with the results in adults in Lyttelton et al. (2009) , which showed leftward asymmetries in the SMG, superior temporal plane, and anterior portion of the superior temporal gyrus, as well as rightward asymmetries in the anterior occipital lobes. At birth, regions with leftward area asymmetry were much larger than that with rightward area asymmetry, consistent with the report of the volume and surface area of the left hemisphere being significantly larger than that of the right hemisphere in neonatal brains (Gilmore et al. 2007; . From birth to 2 years of age, regions with leftward asymmetry decreased and regions with rightward asymmetry increased, consistent with the report of similar left and right surface areas at 1 and 2 years of age .
The largest leftward area asymmetry was consistently found in the posterior part of area OP1 (the most caudal area of the parietal operculum) at birth, 1, and 2 years of age, consistent with the area asymmetry study in adults (Van Essen et al. 2011 ) and reported findings of significantly larger volume of OP1 in the left hemisphere than in the right hemisphere in adults (Eickhoff et al. 2006) . Leftward area asymmetry in the PT and Heschl's gyrus was also consistently found at birth, 1, and 2 years of age, confirming the results in the previous studies in the neonates (Witelson and Pallie 1973) and adults (Lyttelton et al. 2009; Van Essen et al. 2011) . The anterior portion of the SF, close to Broca's region, also showed leftward area asymmetry consistently at birth, 1, and 2 years of age. This asymmetry has been previously shown in a preterm newborn study (Dubois et al. 2010) , and cytoarchitectonic asymmetries in Broca's regions also have been found to increase with the age during infancy and childhood beginning at 1 year of age (Amunts et al. 2003) . Males consistently have larger sizes of significant clusters than females at birth, 1, and 2 years of age. Moreover, in males, the rightward area asymmetries were mainly located in the inferior parietal cortex, cuneus cortex, and parieto-occipital sulcus, while in females the rightward area asymmetries were mainly located in the STS. These results might suggest that considerable gender effects on local surface area asymmetries arise before birth and persist from birth to 2 years of age. Rightward area asymmetry in the STS at birth, 1, and 2 years of age was consistent with the findings of a larger right STS than the left STS in the preterm newborn (Dubois et al. 2008 ) and children . Based on the above findings, we suggest that left-right local surface area asymmetries in our study are most likely a result of the asymmetric brain growth around the peri-Sylvian region in fetuses, where the superior temporal gyrus and temporal operculum grew faster in the right hemisphere than in the left hemisphere, and the frontal operculum expanded faster in the left hemisphere than in the right hemisphere (Rajagopalan et al. 2011 . These asymmetric peri-Sylvian regions have been found to play a major role in the speech perception and production in the adult brain (Dehaene-Lambertz et al. 2006) . Since the cortical connectivity is thought to be the major driving force of cortical folding (Van Essen 1997; Nie, Guo, et al. 2011) , white matter asymmetries might contribute to the cortical asymmetries around the peri-Sylvian region. For example, a diffusion tensor imaging study in infants has shown a larger left volume of the fibers of arcuate fasciculus in the temporal region (Dubois et al. 2009) .
One limitation in this study is that there exists many different definitions of the sulcal depth (Li et al. 2009 ) in the literature, such as the distance to the nearest point in the cerebral hull surface (Van Essen 2005; Im et al. 2008; Lohmann et al. 2008) , the geodesic distance along the cortical surface to gyral crests (Rettmann et al. 2002) , the distance of the path constrained in cerebrospinal fluid regions to the cerebral hull surface (Kao et al. 2007) , and the distance of the streamline with one-to-one mapping between the cortical surface and the cerebral hull surface using Laplace's equation (Jones et al. 2000) . Although different definitions of sulcal depth might have influence on asymmetries in highly folded sulcal regions, in the study, the sulcal depth was defined as the distance from each vertex to the nearest point in the cerebral hull surface for a closer comparison with previous studies (Van Essen 2005; Hill et al. 2010 ). Another limitation is related to the statistical analysis of cortical asymmetries. When performing the statistical analysis of asymmetries using TFCE, we performed the analysis in the whole population, the male group, and the female group, respectively. Following the strategy in Hill et al. (2010) , we did not remove the effects of many subject characteristics, such as brain volume and gestational age (weeks), which might have some influences on the asymmetries.
Conclusion
By using infant-specific postprocessing methods and surfacebased morphometry, we have systemically and quantitatively characterized the cortical hemispheric structural asymmetries using vertex position, sulcal depth, mean curvature, and local surface area at birth, 1, and 2 years of age, via longitudinal MRI data from a cohort of 73 healthy subjects. To our knowledge, this is the first study of longitudinal developmental trajectories and sexual dimorphisms of cortical structural asymmetries in early postnatal stages. We find that prominent cortical structural asymmetries around the peri-Sylvian region and STS are present at birth and evolve modestly from birth to 2 years of age. Preceding studies in infants only investigated cortical structural asymmetries of vertex positions at several specific regions in contrast to investigation of the asymmetries of vertex positions of all cortical regions as we did in this study. In addition, we find more clusters of sulcal depth and local surface area asymmetries than previous studies in infants. Moreover, for the first time, we find that considerable sexual dimorphisms of cortical structural asymmetries are present at birth, with males having larger magnitudes and sizes of significant clusters of cortical structural asymmetries than females that persist from birth to 2 years of age. Considering the major role of these asymmetric periSylvian regions in the speech perception and production, it would be interesting to investigate how these early cortical structural asymmetries relate to the development of functional lateralization for language in infants.
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